A diagnostic method for measuring nonlinear evolution of a laser wakefield by multiple sidebands of Raman scattering using probe laser light has been reported. In this paper, particle-in-cell simulations are used to demonstrate the validity of this probing method. The influence of plasma density, pump laser intensity, propagation length, and nonlinearity of the wakefield on probe laser light has been investigated. In particular, when trapping and acceleration of electrons occurs, the wing structure of the spectrum of probe laser light indicates the existence of highly relativistic electrons from which the injection fraction of the accelerated electrons can be obtained. Thus, this diagnostic method can be employed to measure laser wakefields conveniently for various purposes.
Introduction
Since first suggested by Tajima and Dawson [1] about three decades ago, laser wakefield acceleration (LWFA) has been studied in theory [2] [3] [4] [5] [6] [7] , simulation [8] [9] [10] , and experiment [11] [12] [13] because of its promising applications using the principles of physics. In LWFA, when an intense and short laser pulse is injected into an underdense plasma, the laser ponderomotive force expels electrons longitudinally. Since the velocity of electrons is always lower than that of light in the underdense plasma, after the pump laser pulse passes, large amplitude plasma waves of strong charge-separation electric fields called wakefields are generated. The phase velocity of the wakefields equals the laser group velocity in the underdense plasma.
The most promising application of LWFA is the laser plasma accelerator. Due to the large amplitude electric fields related to wakefields, electrons with sufficient energy that matches the phase of the accelerating fields can be trapped and accelerated to highly relativistic energy of the order of hundreds of MeV. For the electrons to be trapped and accelerated, they need to be injected into the wakefield with sufficient energy and match the accelerating phase precisely. Several injection schemes have been proposed [7, 9, [14] [15] [16] and demonstrated in experiments [11] [12] [13] [17] [18] [19] [20] [21] [22] [23] [24] successfully. These injection schemes can be classified as extra-injection, using two or three colliding laser beams [14, 15, 20] ; and self-injection, which consists of a self-modulated LWFA (SMLWFA) [7, 11, 12, 17, 18] , wave breaking injection [9, 13] , and beam loading in the bubble regime [16, 19, [21] [22] [23] [24] .
To measure the amplitude of laser wakefields, a vari- [25, 26] , photon acceleration [27] , and coherent Thomson scattering [28] [29] [30] . For the diagnosis of electron injection into a wakefield, it is reported that tremendous broadening of anti-Stokes peaks of the pump laser is characteristic of wave breaking, because coherence is lost as the wave breaks [11] . The observation of spatially localized broadband radiation emission perpendicular to the direction of propagation of pump laser has been presented to correlate the production of beams of relativistic electrons [31] . However, there have been no reports on quantitative measurement of the fraction of electron injection. Recently, a scheme for measuring nonlinear evolution of a laser wakefield by multiple sidebands of forward Raman scattering of probe laser light was presented [32] . In this scheme, a relatively long and weak probe laser pulse is injected into the wake behind the pump laser. As the amplitude of the probe laser is very small compared with that of the pump laser, it does not influence the wakefield; however, probe laser light is modulated by the density fluctuation associated with the wakefield. From the wave equation describing the propagation of probe laser light in the wake, an analytical solution for the multiple sidebands is given [32] by
where b ω 0 + lω p and b(ω 0 ) are the amplitudes of the lth sideband at ω 0 + lω p and the fundamental component at ω 0 of the scattered probe laser light after propagating a distance of L g with group velocity v g , respectively; ω 0 is the fundamental frequency of probe laser light; ω p = 4πe 2 n 0 /m e is the electron plasma frequency; N(l) is the amplitude of the lth harmonic of the plasma wave δ(n e /n 0 γ) = n e /n 0 γ − 1, n e ; γ is the local electron density and relativistic factor; and n 0 is the initial plasma density. This analytical solution indicates that the sideband amplitude of scattered probe laser light is proportional to the ambient plasma density, the propagation distance of the probe laser, and the amplitude of the corresponding plasma wave. In the experiment, if the Raman sidebands spectra are obtained, the amplitude of the wakefield can be determined.
In this paper, we have described a series of PIC simulations that were performed to investigate the validity of this scheme. The influence of the initial plasma density, the amplitude of the pump laser, and the propagation length of the probe light is studied. It is found that this scheme is appropriate for a wide range of laser wakefield measurements. Moreover, we simulated some cases with electron injection. The influence of trapped and accelerated electrons is shown in the spectrum of probe laser light. The wing structure in the spectrum of probe laser light indicates the existence of the accelerated relativistic electrons, and we can obtain the electron injection fraction quantitatively.
PIC Simulations
For these simulations, since both the excitation of the wakefield and Raman scattering are one-dimensional (1D) effects, 1D fully electromagnetic PIC code is used. In the simulations, the total length is 500λ 0 , the cell size is 0.05λ 0 , and the time step is 0.05τ 0 , where λ 0 and τ 0 are the wavelength and the period, respectively, of the pump laser. A homogeneous plasma having a length of L g = 200λ 0 -400λ 0 is located at the center of a simulation box. In each cell, 20 simulation particles representing electrons are placed, and ions are fixed as an immobile background. For typical laser wakefield acceleration, the plasma density n e = 10 18 -10 19 cm −3 . The critical plasma density n c = 1.1 × 10 21 cm −3 for λ 0 = 1 µm. Therefore, in the simulations, we set the plasma density as 2.5 × 10 −3 n c -1.0 × 10 −2 n c so that it corresponds to the typical laser wakefield cases. The incident pump laser is linearly polarized, and has a longitudinal profile a = a 0 sin(πx/L), where
is the normalized vector potential, and L is the laser length. The laser intensity required to generate the laser wakefield is of the order of 10 18 w/cm 2 . Therefore, the normalized vector potential used in the simulations has the range a 0 = 0.5-2.2. For maximal wakefield excitation, the laser length must equal the plasma wavelength (L ≈ λ p ) [2] . In the simulations, the laser lengths are set to satisfy this requirement for various plasma densities. For diagnosing the wakefield, a probe laser pulse is injected behind the pump laser. The probe laser pulse has the same polarization as the pump laser; however, the frequency of the probe laser is doubled to make the spectral measurement in experiments easier and solution (1) valid longer. Probe laser light has a relatively long length and weak intensity compared with that of the pump laser. Thus, in the longitudinal space, the probe laser rises in 10λ 0 , maintains its peak amplitude b 0 = 0.05 for 80λ 0 , and then falls in 10λ 0 . In this scheme, the location of the probe laser does not require precise control compared with other schemes. In all simulations, the interval between the pump laser and the probe laser is fixed as 10λ 0 .
In the first series of simulations, the plasma length is fixed as L g = 300λ 0 , but the densities are varied as follows: 2.5 × 10 −3 n c , 6.4 × 10 −3 n c , and 1.0 × 10 −2 n c , corresponding to plasma wavelengths of 20λ 0 , 12.5λ 0 , and 10λ 0 . Therefore, pump laser lengths are adjusted to the corresponding values, but the intensities are all maintained at a 0 = 0.8. Figure 1 plots the profiles and spectra of the plasma oscillation δ(n e /n 0 γ) in the first series till the pump lasers reach 280λ 0 . This shows that the wakefield wavelengths correspond well with the expectation k p = 4πe 2 n 0 /m e c 2 .
In the first series, the pump laser intensities are the same. From nonlinear plasma theory, it is derived that the wakefield amplitude is correlated to the pump laser intensity. Therefore, the wakefield amplitudes in the first series are constant, as shown in Fig. 1 . Figure 2 shows the spectra of probe laser light after propagating through 300λ 0 . As expected from Eq. (1), multiple sidebands appear around the fundamental frequency. The frequency shift between the lth sideband and the fundamental is lω p . The amplitudes of the first up-shifted anti-Stokes and down-shifted Stokes are the strongest, because they represent the fundamental components of the wakefields; however, signals of the second and third sidebands are also observed. Amplitudes of both the wakefield and scattered probe laser light are proportional to the plasma frequency. Thus, comparison of the three Fig. 1 Profiles and spectra of plasma oscillation when the pump lasers reach 280λ 0 for a pump laser of a 0 = 0.8, with plasma density a) and b) n e = 2.5 × 10 −3 n c , c) and d) n e = 6.4 × 10 −3 n c , e) and f) n e = 1.0 × 10 −2 n c . cases in the first series shows that the sideband amplitudes are higher for plasma with higher density and frequency.
In the second series of simulations, the plasma density is fixed as 6.4 × 10 −3 n c ; the pulse width of the pump lasers is fixed as L = 12.5λ 0 , but the pump laser intensities are varied as a 0 = 0.5, 0.8 and 1.0. The profile and spectrum of the wakefield for a 0 = 0.5, as shown in Fig. 3 a) , indicate that the wakefield is monochromatic with wavelength k p . Therefore, only the first anti-Stokes and Stokes are observed in the spectrum of the probe laser, as shown in Fig. 4 a) . When pump laser strength increases sufficiently to be relativistic (a 0 ∼ 1.0), relativistic nonlinear effects become important. Then, the waveform of the wakefield steepens, which corresponds to the generation of high harmonics in its spectrum [3] . These phenomena are observed in the profiles and spectra of the wakefield for a 0 = 0.8 and 1.0 (Figs. 3 b)-f) ). It is shown that for higher pump laser intensity, the wakefield amplitudes are higher, because the wakefield amplitude is proportional to the pump laser intensity. Spectra of the probe laser light in this series are plotted in Fig. 4 . The relation between the sideband amplitudes of probe laser light and the wakefield spectrum agrees well with that predicted by Eq. (1).
Since the sideband amplitude of the scattered probe laser is proportional to the propagation distance, in the third series of simulations, we maintain n e = 6.4 × 10 −3 n c , L = 12.5λ 0 , and a 0 = 0.8, and then measure the probe laser after propagating through L g = 200λ 0 , 300λ 0 , and 400λ 0 . The spectra of the probe laser measured at the different propagation distances are shown in Fig. 5 , and agree well with those obtained using Eq. (1). Therefore, when the spectrum of the probe laser is measured, the plasma wakefield amplitude and the structure factor can be determined from Eq. (1). All parameters in the above three series of simulations are plotted in Table 1 . b(2ω 0 ) and b(2ω 0 + ω p ) are the amplitudes of the fundamental component and first sideband of probe laser light. Substituting these parameters into Eq. (1), the amplitude of the fundamental component of the wakefield N 1 (ω p ) is obtained using Eq. (1) . N 2 (ω p ) is the amplitude of the fundamental component of the wakefield measured directly in the PIC simulation. The maximum error of these two values is 11.9%. It can be concluded that this probing method is applicable to measuring the laser wakefield structure from the laser scattering data. Data of higher harmonics are not listed in the table; however, it was ascertained that they agree well with the predicted values ob-063-3 tained using Eq. (1).
It is widely accepted that the most promising application of LWF is the laser accelerator. To determine the influence of trapped and accelerated electrons on probe laser light, we simulated a series of cases in which electrons are well trapped and accelerated by wakefields using different injection schemes. In this series, the probe laser parameters are the same as in the previous series, but the pump laser and plasma densities are changed for every case, according to the corresponding injection scheme.
First, we simulate a case without trapping and accelerating the electrons. In this case, the plasma density is 6.4 × 10 −3 n c and the length of the plasma region is 400λ 0 .
The pump laser amplitude is a 0 = 1.2, and the pulse width is L = 12.5λ 0 . The electron distribution in p x − x phase space when the front of the pump laser arrives at x = 440λ 0 is plotted in Fig. 6 a) , which shows that there are no electrons injected and trapped, although wave breaking nearly occurs. The corresponding spectrum of probe laser light is shown in Fig. 7 a) .
In the second case, extra injection via two colliding laser pulses [14, 15, 20] is simulated. The plasma and pump laser parameters are the same as in the earlier case. In addition to the pump laser, there is a counter-propagating laser pulse with the same frequency, polarization, and length of the pump laser. The amplitude of the counter laser is 0.4. The two laser pulses collide at x = 100λ 0 and the colliding laser pulse injects electrons into the wakefield. In the third simulation, the plasma parameters are the same as in the previous case, but the pump laser amplitude is increased to a 0 = 2.2. In this highly relativistic intensity regime, the seed electrons can be self-injected into the wakefield by wave breaking [9, 13] . This is called self-injection WFA (SIWFA). The last case of this series is the simulation of the injection scheme via SMLWFA [7, 11, 12, 17, 18] . In this scheme, the plasma density is higher than the plasma density satisfying λ p ≈ L. Thus, the plasma density in this case is adjusted to 2.0 × 10 is the distribution from trapped and accelerated bunch electrons, and N p (l) is the distribution of the background electron plasma wave. These wings correspond to laser scattering by narrow electron bunches, namely, the contribution of N b (l). The wing formation is similar in the spectrum of the pump laser, because of stimulated Raman scattering when wave breaking occurs [11] . In our paper, the wing structure of probe light is due to electrons trapped and accelerated by the wakefield. Figure 8 shows that the width of the wing (Δω b ) is inversely proportional to the bunch width in one wakefield potential well (L b ) because L b = 2πc/Δω b . Since the wing extends to ±20ω p , the bunch width can be determined as ω p /20 from the spectrum. On the other hand, the width of each sideband (Δω a ) is inversely proportional to the length where effective trapping and acceleration occur (L a ) as L a = 2πc/Δω a . Here, the width of sideband is about λ p /10, so the effective accelerating length can be determined as 10λ p .
The wing structures differ between Fig. 7 b) , and Figs. 7 c) and d). One difference is that the relative amplitude of the wing (the solid horizontal line) to the first harmonic (broken horizontal line) is higher for counter laser injection (Fig. 7 b) . Moreover, the relative amplitude is two times the magnitude when compared with the other two schemes (Figs. 7 c) and d) ). This indicates that the number of injected electrons relative to the wakefield density fluctuation for counter laser injection is two times higher than those for the other cases. As a consequence, Eq. (1) can be used to determine the total bunch electron charge from the scattered laser spectrum.
Each sideband spectrum in the wing shown in Fig. 7 is narrower than those in Figs. 7 c) and d). This indicates that the number of bunch electrons is greater for the counter laser injection than for the SIWFA. When the linewidth of one sideband line is Δω, the number of bunches is estimated to be ω p /Δω.
Conclusion
The Raman scattering formula, Eq. (1) and the 1D PIC simulations validate the diagnostic scheme of measuring the nonlinear evolution of a laser wakefield and the trapped electrons by the higher order sidebands of Raman scattering of probe laser light. The results of PIC simulations imply that this diagnostic scheme can be employed to measure a laser wakefield for a large parameter range of plasma density, plasma length, and pump laser amplitude. In particular, it was found that the wing structure in the scattered probe laser spectrum is useful for diagnosing the trapping and acceleration of electron bunches. It was also found that the number of bunches depends on the trapping process. Moreover, the number of bunches is significantly large for counter propagation laser injection. In the future, the 2-and 3-dimensional diagnostics of the wakefield structure and the trapped electron bunch structure will be investigated.
